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have been shown to result in impaired basipetal auxin transport (3, 5, 25, 30) .
The ability of ethylene to modify seedling growth and alter the normal distribution of endogenous auxins was noted by Van der Laan (28) . Subsequent studies using ['4C ]IAA demonstrated that ethylene treatment of intact cotton plants and etiolated pea seedlings resulted in the inhibition of basipetal IAA transport (4, 16) . In cotton tissues, this inhibition could not be explained on the basis of enhanced metabolism of the applied auxin (2) . To date, the biochemical bases for this ethylene effect remain unknown. The net basipetal movement of auxins through tissue segments is thought to occur as a result of the asymmetric localization of active auxin efflux porters at the basal end of cells in the transporting tissues (7, 9, 20) . Synthetic compounds such as NPA,2 morphactins, and TIBA disrupt polar auxin transport by binding to and inhibiting the action of the efflux porters (6, 24, 27) . The availability of high specific activity [3H]NPA allows for the determination of molecular characteristics of this auxin efflux system. In this report, the effects of ethylene treatment on IAA transport and NPA binding characteristics in etiolated pea epicotyls are described. This tissue was selected for study because it exhibits ethylene-induced inhibition of auxin transport and it is a relatively rich source of NPA binding sites (4, 9) . Portions of this research have been presented in abstract form (26) .
MATERIALS AND METHODS
Plant Material and Experimental Procedure. Pea (Pisum sativum L. cv Alaska; Sunseeds, Twin Falls, ID, lot No. 40-019-020) seeds were surface-sterilized using a 1:4 (v/v) dilution of commercial bleach (5.3% Na hypochlorite by weight) and were sown in flats containing vermiculite and watered with tap water. After 5 d of growth in the dark (27 ± 1°C), seedlings were used for treatment. All manipulations, prior to actual harvest, were conducted under dim green light. Unless otherwise noted, intact seedlings were exposed to ethylene using plexiglass chambers and were maintained in the dark. Tissue segments or microsomes were then isolated from the treated seedlings. All experiments described in this paper were conducted a minimum of three times. Where possible, individual treatments within an experiment were replicated. Data from typical experiments are presented.
Auxin Transport Studies. The basipetal movement of [14C] IAA was determined using previously described methods (25) .
Internodal segments (5 mm) were excised 5 to 7 mm below the 2Abbreviations: NPA, N-l-Naphthylphthalamic acid; FCCP, carbonyl-cyanide-p-trifluoromethoxyphenylhydrazone; TIBA, 2,3,5-triiodobenzoic acid. 795 plumular hook and, with the exception of the velocity study, transport was allowed to proceed in the dark (27 ± 1C) for 2.5 h. Dose-response studies were conducted using seedlings that had been enclosed for 18 to (23) . Nonspecific binding was defined using 10 ,M unlabeled NPA. Separation of free from bound ligand was accomplished by filtration through Whatman GF/B glass-fiber filters using a multiport filtration apparatus (Millipore). After the 60 min assay period, the membranes were diluted by adding 5 mL of ice-cold resuspension buffer, poured onto the filtration apparatus and washed with two additional 5 mL aliquots of cold resuspension buffer. The entire procedure (from dilution to dried filter) required less than 20 s; any preparations requiring additional filtration times were not included in the subsequent computer analysis. Analysis of the binding data was performed according to the method of Scatchard (21) 
RESULTS
The inhibition of polar auxin transport by ethylene fumigation has been examined previously using several plant species and excised tissues (2-4, 16, 17, 25) . The use of various species precludes the development of a unified picture of this aspect of ethylene action in a given tissue. For this reason and because our plant material and growing conditions differed from earlier studies, a detailed examination of this ethylene effect was conducted using 5-d-old etiolated peas. Direct application of ethylene to the isolated epicotyl segments during the transport period (2.5 h) had no effect on IAA movement. Therefore, unless otherwise noted, all ethylene treatments were applied to intact seedlings while auxin transport was measured in 5 mm segments isolated 5 to 7 mm below the seedling hook.
Exposure of pea seedlings to ethylene for 18 to 20 h resulted in a dose-dependent inhibition of IAA transport (Fig. 1 ). This inhibition was first observed at an ethylene concentration of 10 nL/L, reached half-maximal at 55 nL/L, and was saturated at 1 to 10 uL/L. Using a saturating concentration of ethylene (25 ,uL/ L), the inhibition of IAA transport was detected after 8 h of fumigation (JC Suttle, unpublished data). After 24 h of fumigation, IAA transport in segments isolated from treated seedlings was inhibited by over 95%.
The amount of IAA transport during an assay is a function of both the capacity and velocity of the transport system. Using the intercept method of Van der Weij (29), the velocity of IAA movement was determined in both control and ethylene-treated segments. Using this method, transport in both tissues was linear for at least 4 h and exhibited an apparent velocity of 5 mm/h (Fig. 2) . Thus, the reduction of IAA movement in ethylenetreated tissues is the result of reduced transport capacity rather than reduced velocity. As described in the introduction, the net basipetal movement of auxins in tissues is thought to occur as a result of the action of auxin efflux proteins preferentially located (or active) in the plasmalemma at the basal ends of cells in the transporting tissues (for a complete discussion, see 7, 10, 20) . Thus, the reduction in auxin transport capacity in ethylene treated tissues could be the result of a decrease in the concentration or activity ofthese efflux proteins. NPA and other synthetic compounds have been shown to bind to and thereby inhibit the action of this efflux protein resulting in a stimulation of net IAA uptake in treated tissues (24) . Recently, we introduced a method for assaying the in vivo activity of these porters using the ability of the phytotropin NPA to stimulate net IAA uptake into thin tissue slices (25) . Any reduction in efflux porter activity should be reflected in a diminished ability of NPA to stimulate net IAA uptake. Furthermore, a dose-response study can be used to determine if any treatment (in this case ethylene) resulted in an altered affinity of the efflux porters toward NPA. Exposure of untreated segments to NPA resulted in a dose-dependent stimulation of net IAA uptake (Fig.  3) . The threshold concentration of NPA was between 10 and 100 nm and the half-maximal stimulatory concentration was just greater than 100 nM. In segments isolated from ethylene fumigated seedlings, NPA-stimulated net IAA uptake was less pronounced but still observable. Net IAA uptake in these segments in the absence of NPA was nearly twice that of untreated segments, suggesting that a functional loss of auxin efflux porters had resulted from ethylene treatment. Although the NPA effect was less pronounced in ethylene-treated segments, the threshold and half-maximal NPA concentrations were unaltered.
NPA binding sites can readily be detected in microsomes prepared from etiolated pea seedlings (9 The observed reduction in specific binding could have resulted from either a decrease in affinity toward NPA (i.e. an increased Kd value) or from a decline in total binding sites (Bm.) or both.
In order to differentiate between these possibilities, equilibrium binding studies were conducted using a range of NPA concentrations (2-200 pmol/assay). The resulting data were fitted using an iterative nonlinear least squares procedure (18) . Data from a typical run are presented in Figure 4 . Specific binding of [3H] NPA to microsomes prepared from control epicotyls was saturable and, when transformed according to the method of Scatchard (Fig. 4, upper panel (Fig. 4, lower panel) . Again using Scatchard analysis, a Kd of 8.1 nm and a binding site density of 0.6 nmol/mg membrane protein were determined. These results were highly reproducible. When the results of five independent experiments were combined (Table II) , ethylene treatment was found to have no effect on the Kd value but resulted in a 66% decline in the apparent density ofNPA binding sites. Thus, the reduction in specific NPA binding observed in ethylene-treated tissues was entirely due to a decline in binding site density.
When microsomes prepared from untreated seedlings were exposed in vitro to various concentrations of ethylene during the binding assay, no effect of ethylene was observed (Table III) . Inclusion of unlabeled NPA, TIBA, or the morphactin Flurenol resulted in a dramatic inhibition of [3H]NPA binding.
DISCUSSION
The failure to define the physiological relevance of in vitro binding studies is a recurrent criticism of this type of investigation. For this reason, the studies described here have addressed the mechanism of ethylene-induced inhibition of IAA transport using a number of complementary experimental approaches.
The result is an integrated and internally consistent picture of the molecular events that underlie ethylene action in this system.
In general, the characteristics of ethylene-induced inhibition of polar auxin transport described herein resemble those previously reported by Morgan and colleagues using light-grown cotton seedlings (2, 3, 16, 17) and Burg and Burg (4) who used etiolated peas of slightly greater age than those used here. In light-grown cotton seedlings, concentrations ofethylene required for threshold, half-maximal and saturating effects were 0.1, 1.0, and 10 ,uL/L, respectively (3) . The etiolated peas used in this study were somewhat more sensitive to ethylene, requiring 0.01, 0.06, and 1 to 10 ,uL/L for threshold, half-maximal, and saturation ofthe inhibitory response (Fig. 1 ). Both cotton (2) and peas (4) exhibited a reduction in auxin transport after 3 h of ethylene fumigation. Under the conditions used here, a clear-cut inhibition was observed only after 8 h of ethylene fumigation (JC Suttle, unpublished data). In either case, the response to ethylene is relatively slow. As reported before (2-4), the inhibition of auxin transport by ethylene is a reflection ofa decline in transport capacity not velocity (Fig. 2) . Using the chemiosmotic hypothesis for IAA uptake and transport as a working paradigm, the reduction in transport capacity can be interpreted as reflecting a decrease in the number of active IAA efflux porters. Others (24, 27) have shown that phytotropins such as NPA bind to and thereby inhibit the action of the IAA efflux system. Using NPA as a probe, the effect of ethylene treatment on this IAA efflux system has been assessed. Following ethylene treatment, there is a decline in the relative ability of NPA to stimulate net IAA uptake without a measurable change in the sensitivity of the treated tissue toward exogenous NPA (Fig. 3) . This observation is consistent with the above-mentioned hypothesis concerning ethylene action. (6, 27) bind to the NPA receptor site. Thus, it is entirely conceivable that other molecular events occur following ethylene treatment and that these, together with those described herein, constitute the totality of ethylene action in this system. Last, the utility of the in vivo NPA assay described previously (25) and used herein should be noted. The direct correlation between loss of NPA-stimulable IAA uptake and NPA binding sites in microsomal preparations confirms the usefulness of this indirect assay. Further, the lack of effect of ethylene treatment on the affinity (Kd) of NPA toward its receptor was predicted by the in vivo dose-response study (Fig. 3) . Thus, this indirect assay should prove valuable in situations (i.e. green tissues) where specific NPA binding cannot presently be detected. After completion of this manuscript, the author was made aware of a preliminary report describing similar studies by Kang and published in the proceedings of a recent NATO conference (10) . As in this study, Kang also noted that ethylene treatment of peas resulted in a decline in the number of NPA binding sites.
